Non doped potassium niobate (KNbO 3 ) crystal powders were synthesized by ultrasonic-assisted hydrothermal method for use in lead-free piezoelectric ceramics. By using the ultrasonic assist technique, the yield constant of the KNbO 3 crystal powders became 96% with 3 h of reaction time. It was 4 times faster than that of the previous non ultrasonic assist hydrothermal method for the KNbO 3 crystal powders. This result indicated that the high-intensity ultrasound radiation was effective for overcoming the serious problem of slow hydrothermal reaction. The reaction temperature was 190 C, which was 20 C lower than that of previous hydrothermal method. After sintering of hydrothermal KNbO 3 powders at 1030
Introduction
Piezoelectric ceramics have been widely utilized in electric devices, such as ultrasonic motors, piezoelectric transformers, and acceleration sensors. Lead zirconate titanate [Pb(Zr,Ti)O 3 ] is mostly used in piezoelectric devices owing to its high piezoelectric constants and electromechanical coupling factors. However, environmentally friendly piezoelectric materials are required to replace the lead zirconate titanate in piezoelectric devices, because the use of lead is in conflict with the restriction of hazardous substance (RoHS). To this end, KNbO 3 -based ceramics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] have been extensively studied, and their properties have been reported. The superior coupling factors of KNbO 3 materials in the single crystal form 16, 17) are the reason for the previous studies; however, a practical fabrication process for low-cost KNbO 3 ceramics has not yet been established. The difficulty in preparing the pure, fully sintered KNbO 3 is attributed to the unstable potassium source, potassium carbonate (K 2 CO 3 ), in a conventional solid-phase method. To realize high piezoelectric performance in KNbO 3 ceramics, the ratio of potassium to niobium must be strictly controlled to be one. During the calcination process, potassium is readily evaporates; therefore, the hygroscopic nature of the K 2 CO 3 causes in a severe problem in precise weighing. Furthermore, the contamination into the KNbO 3 powder during the ball milling process is also an obstacle for the high-quality ceramics fabrication by the conventional solid-phase method. Hence, in this study, we have proposed the synthesis of non doped KNbO 3 piezoelectric ceramics 18) using hydrothermally produced KNbO 3 crystal powders. By using the hydrothermal method, the no K 2 CO 3 problem occurs because potassium hydroxide (KOH) is used as a potassium source material, and the self-assembly synthesis principle of this method is expected to realize stoichiometric fine KNbO 3 powders. [18] [19] [20] [21] The obtained ceramics have demonstrated reasonable piezoelectric performance. However, the slow chemical reaction was an obstacle for promoting the optimization of the fabrication parameters. This problem is not only for KNbO 3 powders but for other ferroelectric powders and thin films, such as PZT thin film. To overcome this long reaction time, the ultrasonic-assisted hydrothermal method is proposed in this study. By utilizing ultrasonic radiation during hydrothermal reaction, the KNbO 3 crystal powders are expected to be promoted.
Experimental Procedure
To prepare KNbO 3 powders, 3.73 g of niobium oxide (Nb 2 O 5 99.95%) and 70 ml of a 9N potassium hydroxide (KOH 85%) solution were put in an autoclave (Parr model 4748) as primary materials. The maximum volume of the autoclave was 125 ml, and the autoclave contained an inner vessel made of Teflon to resist the highly alkaline solutions. KOH was not only the potassium source but also the setting agent for the chemical reaction under alkaline conditions. After mixing the primary materials, the autoclave was closed to retain water vapor and was placed in a mantle heater (Daika Denki GB-5) for the hydrothermal chemical reaction.
The KNbO 3 crystal powder is hydrothermally synthesized in a strong alkaline solution; therefore, an ultrasonic transducer cannot be put in the autoclave. For example, electric wires would melt in the alkaline solution. In this study, the ultrasonic horn was utilized, which penetrates the lid of the autoclave as shown in Fig. 1 . Its piezoelectric driving part was outside and the ultrasonic radiation part was inside the autoclave. The nodal position of excited longitudinal vibration mode was designed to match the lid of the container. With this design, the high-intensity ultrasonic radiation could be realized. To resist the alkaline solution, the ultrasonic horn was made of Ni alloy (Hastelloy HC-22).
To estimate the vibration characteristic of the ultrasonic transducer, the admittance measurement was performed. The mechanical quality factor at room temperature was 756 under no load condition. The driving velocity at the radiation surface with the 360 V was determined to be 0.73 m/s using a laser doppler velocimeter (Polytec NLH-2500). During the hydrothermal reaction at 190 C, the ultrasonic radiation was halted and its admittance was measured. From this measurement, the quality factor was confirmed to decrease as shown in Fig. 2 . From this quality factor change and decrease in piezoelectric performance of PZT, the vibration velocity of the head of the ultrasonic horn was calculated to be 0.15 m/s under 190 C conditions. The diameter of the ultrasonic horn was 15 mm; thereby, a radiation ultrasound is estimated to be over 300 kPa by
where U is the vibration velocity (m/s), is the distance from the center of the radiation surface, is c= f , f is the frequency, is the density of water at 1000 kg/m 3 , c is the sound velocity of water at 1500 m/s, and a is the radius of the horn at 7.5 mm. This sound pressure was considered to be sufficiently large to affect the hydrothermal reaction.
The reaction temperature of 190 C was severe for to the PZT stable driving, and the small change in the temperature results in the change in the resonance frequency of the ultrasonic horn. To realize the effective ultrasonic radiation, a feedback operation that follows the resonance vibration mode was indispensable. The experimental setup is shown in Fig. 3 . The driving signal from the function generator was amplified using a voltage amplifier (NF4020) and a power transformer (magnification factor of 26 dB). To maintain the resonance vibration, the relationship between the current and the driving voltage was monitored, and the phase difference was controlled to be 60 C, which was calibrated in advance to realize maximum vibration velocity in this experimental setup. The driving current was measured with a current probe and the phase difference to the driving voltage was obtained through the lock-in amplifier (NF5610B) using the TTL signal output of the driving voltage as a reference signal. The change in the phase difference was put into a personal computer through the GPIB, and to maintain the constant phase difference, the command to change the driving frequency was sent to the function generator through the GPIB. During the hydrothermal reaction, the driving frequency was controlled to maintain the resonant driving from 53 to 51 kHz.
The ultrasonic-assisted hydrothermal methods were carried out by changing the reaction time from 1 to 6 h at 190 C. The KNbO 3 crystal powders were filtered with a Teflon membrane filter (Omnirore 0.45 mm) after washing with pure water. After drying these powders at 150 C for 10 min, the weights of the obtained powders were determined.
The resultant KNbO 3 crystal powders were mixed with a binder that was composed of ethanol and vinyl alcohol in H 2 O. The binder content was approximately 15 wt % of the prepared KNbO 3 crystal powders. The small amount of mixed powders was pressed to be pellet-shaped at 380 MPa using an axial pressing hydraulic pressurizer (Masada Seisakusho WH-15P) with a tubular hole of 7 mm diameter. The obtained pellet was sintered at 1030 C for 1 h in a tubular furnace (Yamada Denki TSR-430) under oxygen gas atmosphere. The heating rate was 230 C/h and the cooling rate was 100 C/h. After sintering, the obtained pellet was measured to be 6.4 mm in diameter and 0.58 mm in thickness. On both pellet surfaces, gold electrodes were evaporated with a vacuum evaporation system (ULVAC SVC-700) after polishing with emery paper (#15000). The KNbO 3 ceramic was polarized in the electric voltage range of 1 kV/mm for 60 min, using a high-voltage DC power supply (NF HVA4321) in a silicon oil bath at 125 C. The electrical properties of the poled KNbO 3 ceramic were measured using an impedance analyzer (Agilent 4294A). The resonance-antiresonance frequency characteristics of the poled KNbO 3 ceramic were measured in the radial and thickness vibration modes.
Results and Discussion
3.1 Ultrasonic-assisted hydrothermally synthesized crystal powders The weight of the obtained powder was measured. When all the Nb ion sources reacted to be KNbO 3 crystal powders, 5.03 g of KNbO 3 crystal powders was expected. By comparing with this value, the yield constant was calculated from the weight of the obtained powders. Figure 4 shows the relationship between the synthesis time of KNbO 3 and the yield constant. In Fig. 4 , each of the yield constants is shown in the case of the high-intensity ultrasonic radiation, the low-intensity ultrasonic radiation, and without ultrasonic radiation. The high-intensity ultrasonic radiation employed the maximum vibration velocity (0.15 m/s) and the lowintensity ultrasonic radiation employed 43% of the maximum vibration velocity. Additionally, in each of the hydrothermal conditions, the synthesis temperature was 190 C, which was 20 C lower than that of the previous hydrothermal method. 18) The experimental result indicates that the synthesis time of the ultrasonic-assisted hydrothermal method was faster than that of the normal hydrothermal method. Particularly, concerning the reaction time for realizing the yield constant of 100%, the synthesis time using the high-intensity ultrasonic radiation was shortened to 3 h, which was 1/4 of that without ultrasonic radiation. Figure 5 shows scanning electron microscope (SEM) images (JEOL JSM-5310LV) of the KNbO 3 crystal powders obtained from 1.5 to 6 h of reaction time. These images show that the KNbO 3 crystal powders aggregated, the particles sizes of which were approximately 0.2 to 1 mm at 1.5 h and 1 to 3 mm at over 2.15 h. Figures 6(a) to 6(d) show the X-ray diffraction (XRD) patterns (Rigaku MiniFlex2) of the KNbO 3 crystal powders for 1.5 to 6 h reaction, respectively.
Each XRD pattern indicated that the synthesized powders had the perovskite-type structure; however, in the synthesis at 1.5 h, crystals of other phases were mixed into the obtained powder.
In the case of 2.15 h synthesis, the XRD pattern peaks indicated a cubic structure, and in other cases of 3 and 6 h, the XRD pattern peaks showed an orthorhombic structure. When using the high-intensity ultrasonic radiation in hydrothermal solutions, the orthorhombic crystal powders of 1 to 3 mm size, were obtained following 3 h of synthesis.
Surface of the obtained KNbO 3 ceramics
SEM image of the surface of the obtained KNbO 3 ceramics is shown in Fig. 7 . The figure revealed that the KNbO 3 ceramic was well-sintered. The relative density (Alfamirage SD-200L) was measured to be from 95% of the 4.62 g/cm 3 single-crystal value. Figures 8 shows the XRD patterns of the resultant KNbO 3 ceramics using the crystal powders hydrothermally synthesized for 3 h with the ultrasonic radiation. The figures indicated that the resultant KNbO 3 ceramics have the orthorhombic phase and contained no niobium oxide, potassium hydrate or other undesired impurities.
Electric and piezoelectric properties
The crystal powders were synthesized by ultrasonicassisted hydrothermal method for 3 h, which were sintered as mentioned above. The result obtained in the radial vibration mode of the KNbO 3 ceramic is shown in Fig. 9 . By using a Mason-type equivalent circuit, the R 1 , L 1 , and C 1 were obtained as shown in Fig. 9 , in which C d is the clamped capacitance, R 1 , L 1 , and C 1 are the equivalent resistance, inductance, and capacitance, respectively. The electromechanical coupling factor k r and mechanical quality factor Q m were calculated to be 0.14 and 54, respectively. From the density and resonance frequency of the radial vibration mode, Young's modulus Y was calcu- lated to be 100 GPa. The piezoelectric constant d 31 was calculated to be À31 pm/V using 371 of permittivity " r . The result obtained in the thickness vibration mode of the KNbO 3 ceramic is shown in Fig. 10 with the Mason-type equivalent circuit model fitting. The parameters of the equivalent circuit are also shown in Fig. 10 . The electromechanical coupling factor k t , mechanical quality factor Q m , and piezoelectric constant d 33 were calculated to be 0.28, 13, and 51 pm/V, respectively.
Conclusions
The utilization of the ultrasonic-assisted hydrothermal method to fabricate high-quality KNbO 3 crystal powders and ceramics was proposed. The yield constant of the hydrothermally synthesized KNbO 3 crystal powders was 96% when the synthesis time and temperature were 3 h and 190 C, respectively. It was more than 4 times faster than that of the previous hydrothermal method. 18) In the case of 2.15 h of synthesis, the XRD pattern peaks indicated a cubic structure, and in the other cases of 3 and 6 h, the XRD pattern peaks indicated an orthorhombic structure. The KNbO 3 ceramics sintering of the 3 h synthesized crystal powders resulted in the orthorhombic structure, and no impurity was found inside.
From the resonance frequency response corresponding to the radial vibration and thickness vibration modes, the coupling factors k r and k t and the piezoelectric constants d 31 and d 33 were determined to be 0.17, 0.28, À31, and 51 pm/V, respectively. k r and k t were insufficient compared with those of the single crystal. This is partly because the temperature and applied voltage for poling treatment were not yet optimum. 
